Abstract A zero-dimensional model which includes 56 species of reactants and 427 reactions is used to study the behavior of charged particles in atmospheric plasmas with different ionization degrees at low altitude (near 0 km). The constant coefficient nonlinear equations are solved by using the Quasi-steady-state approximation method. 
Introduction
The study of atmospheric plasmas has recently become extraordinary because of its low cost, convenient operation and comprehensive applications in industrial fields, environmental science [1] and national defense [2] . Atmospheric plasmas are usually produced by gas discharge in an atmosphere environment and air is a very complex chemical system. Gravitational separation does not occur below 80 km [3] , where turbulent diffusion is dominant in air, so its main composition is almost constant. It is Nitrogen 78%, Oxygen 21%, Argon 1% and a small amount of other gases (including He, H 2 , Ne, CO, CO 2 , SO 2 , N x O y and so on). To obtain the real evolutionary behavior of the composition of atmospheric plasma, one has to simulate the complex processes of physical and chemical reactions. A large quantity of particle species and many physicochemical processes involved should be considered in the model.
Our work is based on the work of Long WANG et al [4∼6] . They have simulated the physicochemical processes at 0 km with initial electron density n e0 = 10 13 cm −3 and at 60 km with n e0 = 10 12 cm −3 .
The temporal evolutions of number densities are obtained for electrons and other charged species. The simulation time is generally about 10 −2 s, and the longest time is up to 10 2 s. In the present work, the temporal evolutions of the main charged species produced by ionizing neutral air are studied after a narrow discharge pulse with different intensities, which can produce different ionization degrees for air. The physicochemical reactions are simulated for atmosphere particles from reaction onset to 10 4 s. The atmosphere chemistry code has been compiled in this work and the results at one atmospheric pressure are presented for conditions equal to that at 0 km altitude. The atmospheric temperature is set to 291 K [3] and the electron temperature T e is 2 eV, or 23200 K.
The model and numerical simulation
The model in this paper is zero-dimensional in space. It includes the main physical and chemical reactions, but ignores spatial processes such as diffusion and flow. In our model, electrons, O
and CO + with the same ratio as found in natural air are produced with the pulse in the simulated atmospheric environment. Then the temporal evolutions of various components of air are monitored during the calculation, some of which are components of natural air and some are generated during the chemical reactions processes.
The initial conditions have an important influence on the results of the numerical simulation. Different ionization degrees of air can produce different initial electron densities by any form of discharge. For expedient simulation, the initial electron density n e0 is respectively set to 10 7 , 10 8 , ..., 10 16 cm −3 in the present work, and the initial densities of other neutral species are taken from atmospheric chemistry literatures [3] . In this paper, 56 species of reactants are considered in the model, including neutral species, positive species and negative species, as shown in Table 1, and 427 reactions are also considered. The rate coefficients in the code come from the database at: http://cpst. hbu. edu. cn/wuli/atmospheric/index. asp. Some reaction rate coefficients are functions of atmospheric temperature or electron temperature.
The quasi-steady-state approximation (QSSA) method [7] is used to solve the constant coefficient nonlinear equations. In our model the reaction rate equations are given as follows [1] :
where y j denotes the number density of the jth species and f i is a function involving the rate coefficient for reactions among the jth, lth and mth species. The terms k jl and k jlm refer to two-body and three-body reaction rates, respectively. The term n jl or n jlm is an integer number of the ith species produced or consumed in every reaction event. It is positive if the ith species is produced and negative if it is consumed.
Results of numerical simulation and discussions
The temporal evolutions of the particle species are obtained in the numerical simulation. Some charged species are presented in the following paragraphs.
Electrons are the most active components found in atmospheric plasmas. Long electron lifetime is desirable for cloaking, where the electrons are used to absorb or reflect electromagnetic waves. Fig. 1 shows the temporal evolutions of electron densities for different ionization degrees, in which n e0 is set to 10 7 , 10 8 , . . . , 10 16 cm −3 , respectively. As shown in Fig. 1 It can be supposed that the electron density obeys the exponential damping rule, namely
where τ is the electron lifetime. n τ is obtained by fitting each curve of the temporal evolutions and the corresponding time of n τ is the electron lifetime. Based on definitions (3) and (4), the electron lifetimes versus ionization degree are shown in Fig. 2 . Electron lifetimes are shortened with increasing initial electron density. The changing of electron lifetimes with ionization degree near the ground is unlike the results at high altitude [3] . In the literature [3] , the reciprocals of electron lifetimes are close to the initial electron densities and the model is two-body impacting. In this model, the initial electron densities increase 9 orders, while the electron lifetimes decrease only 1.75 orders, thus it belongs to three-body impacting. However, it leads to a conclusion, in Fig. 1 , that the electron density does not strictly obey the exponential damping rule in the entire evolutions of every ionization degree. So the rules of the temporal evolutions of electron densities with different ionization degree cannot simply be decided by lifetimes.
Electrons are the primary negative species after a discharge pulse in atmospheric plasmas, which will quickly be attached to neutral particles and produce negative ions. The main consuming reactions of the electrons below are presented in Table 2 , the unit of rate coefficient for two-body and three-body is cm 3 
Reactions from 1 to 8 in Table 2 In the following part, some temporal evolutions of the negative species that are dominant in the negative charges are given. Fig. 3 shows the temporal evolutions of the main negative species when n e0 is equal to 10 7 cm −3 . The dominant negative species evolution is e→ O and CO − 3 is longer. The increase and decrease rates of the number densities of these negative species in a corresponding period are gradually augmented with the increasing ionization degree. Thus it changes the negative species and the time of dominance with ionization degree. Fig.3 Temporal evolutions of main negative species when ne0 is equal to 10 7 cm −3 Fig. 4 shows the temporal evolutions of the main negative species when n e0 is equal to 10 16 cm −3 . The number densities of the negative species increase rapidly over a short time and then change slowly over a longer period, and decrease rapidly at about 10 −5 s, such as O As shown in Fig. 3 and Fig. 4 , the dominance of negative species and time changes significantly with n e0 increasing from 10 7 cm −3 to 10 16 cm −3 . The initial time under its domination after electrons with different ionization degrees is shown in is the last one that dominates the negative charges, so it is important in negative ions. As shown in Fig. 4 , the number densities of negative ions are almost equal, such as O former are larger about one order than the latter, so this article does not further discuss the latter in detail. Negative ions also exist in the natural atmosphere. They are prone to adsorption by tiny pollution particles, and thus become bigger charged ions when going down to the ground, resulting in air purification. In addition, negative ions can make electrical poles in the surface layer of bacterial protein reversed, which can lead to the death of bacteria, so as to achieve the purpose of disinfection and sterilization. Negative ions can effectively promote the growth of plants and animals, and optimize the microcirculation of organism. The antibacterial and disinfectant effects of negative ions are closely related to the density and lifetime of negative ions, high densities and long lifetimes are always hoped for. As shown in Fig. 3 and Fig. 4 , the lifetimes of negative ions are longer in lower ionization degrees (about ms in order), but the peak values of densities are smaller. On the contrary, the lifetimes of negative ions are shorter at higher ionization degrees (about ns in order), but the peak values of densities are bigger. Considering the two factors of density and lifetime and by referring to the case of single-pulse discharge, the initial electron densities in the range of 10 10 ∼ 10 14 cm −3 , are the most suitable for disinfection and sterilization. The influence of ionization degree on the temporal evolutions of negative species is simple. The negative species which dominates negative charges are always electron, O The temporal evolutions of positive species are more complex than those of negative ones with ionization degree. Fig. 5 and Fig. 6 show the temporal evolutions of main positive species when n e0 is set to 10 7 cm −3 and 10 16 cm −3 , respectively. The number densities of each positive species increase with ionization degree after a pulse. Most of their temporal evolutions are different. Some positive species present a single peak at any ionization degree, such as O , with no obvious peak presented. Other positive species first show an increasing trend, then decrease and increase again when n e0 < 10 9 cm −3 , whereas they increase first and decrease later when n e0 > 10 9 cm −3 , such as NO + . Others decrease at all times, such as N 
In conclusion, N 
Conclusions
The composition of air is very complex and the study of its chemical processes is very useful for some applications, such as the detection and improvement of atmospheric pollution, low-pressure atmospheric plasma technology and so on. A new model is used to simulate the chemical processes at one atmospheric pressure (0 km). The temporal evolutions of the main charged species with increasing ionization degree are presented. The results show that the electron lifetimes at low altitude are shortened with increasing ionization degree. It belongs to a three-body impacting model. The adhered reactions between electrons and neutral particles are the main reactions after the onset of discharge. Negative ions can be used for air purification, disinfection, sterilization and so on. High densities and long lifetimes are always hoped for. However, the effect of ionization degree on the densities of negative ions is contrary to that on lifetimes. Considering these two factors, the initial electron densities in the range of 10 10 ∼ 10 14 cm −3 are the most suitable for disinfection and sterilization under the condition of single-pulse discharge. The negative and positive species evolutions are different with ionization degree. When n e0 ≤ 10 13 cm −3 , the dominant negative species evolution is e→O 
